Objective: Studies of outcome in patients with medullary thyroid carcinoma require long follow-ups to accrue enough cancer-specific events. Owing to time-dependent changes in diagnosis and therapy, long observation periods render studies susceptible to 'time bias' which can yield spurious results. This study was designed to investigate cancer-specific event rates after initial neck resection in contemporaneous patients recruited within less than a decade. Design: Institutional cohort study of 128 consecutive patients who underwent compartment-oriented neck surgery between 1994 and 2002 at a tertiary surgical center for hitherto untreated medullary thyroid carcinoma. Methods: The Kaplan-Meier method was used in conjunction with the log-rank test for analysis of time-dependent outcomes. Results: Follow-up was available for 120 patients (94%) including 63 rearranged during transfection (RET) carriers. There were six locoregional recurrences in the 110 patients with clear surgical margins at initial neck resection, and 12 cancer-specific deaths in the 120 patients with available follow-up. On Kaplan-Meier analysis, most clinicopathological variables were significantly associated with recurrence-free survival and cancer-specific survival. Within the median observation period of 64.5 months, patients with node-negative tumors did not develop locoregional recurrence or die from their malignancies. The low event rates precluded multivariate analyses with all clinicopathological variables. With our extensive surgical approach, median recurrence-free survival and cancer-specific survival at 5 years were 95.2 and 89.3% respectively. Discussion: Compared with literature data, our 5-year locoregional recurrence rate of 4.8% appeared very favorable, and our 5-year cancer-specific mortality rate of 10.7% was among the lowest ever reported. The growing proportion of localized medullary thyroid carcinomas among contemporaneous patients can be expected to ultimately lower the event rates, complicating future studies of outcome.
Introduction
With an age-standardized incidence of 0.18 in men and 0.23 in women per 100 000 inhabitants (1), medullary thyroid carcinoma, a C-cell-derived parafollicular neoplasm of neural crest origin, is considered a rare disease. The infrequency of the condition, which occurs in a sporadic and a hereditary variant, can render the design and conduct of studies of outcome challenging, often enforcing a complex large-scale multicenter setup. Because of the low event rates (locoregional recurrence and cancer-specific death) in patients with medullary thyroid carcinoma, long periods of follow-up are needed to accrue sufficient numbers of events, allowing for multivariate analyses of interrelated factors. Long observation periods, however, can lead to loss of patients who may have moved from the area or may have died from the tumor or from causes unrelated to the condition of interest. Vanishing study participants can introduce bias into the study when, for instance, sicker patients with more advanced disease are preferentially lost to follow-up.
National population-based registries, such as the Surveillance, Epidemiology, and End Results (SEER) Program database in the US, may lend themselves as remedies to some of the challenges posed by rare diseases. Although these registries encompass many patients with long periods of observation, there are nevertheless important drawbacks limiting their use: the inconsistency in the type of surgical intervention (subtotal versus total thyroidectomy; selective or systematic lymph node dissection versus none), pathological examination and ascertainment of outcomes (tumor recurrence versus persistence; cancer-specific survival versus overall survival), and the scarcity or imprecision of recorded information. The SEER database, for instance, is restricted to patients actively followed by SEER and excludes patients if they were dead based on autopsy or death certificate, or if they were not followed in a continuous fashion (2, 3) . It does not distinguish between tumor extension into adjacent tissue (extrathyroidal growth) and lymph node metastases, both of which are subsumed under the umbrella term of 'regional' disease, nor does it record the cause of death, precluding the censoring of mortality unrelated to cancer. The SEER registry contains neither biochemical data (e.g. serum calcitonin) nor genetic data (e.g. germline mutations in the rearranged during transfection (RET) protooncogene), and does not provide information on the freedom of surgical margins from the tumor, or on recurrence and reoperations (2, 3) . Moreover, extent of tumor and lymph node status is unknown for patients entered before 1998 (3) . Most of the SEER data were contributed by general surgeons with limited expertise in endocrine surgery, let alone a rare pathologic entity such as medullary thyroid carcinoma, resulting in significant variability of practice patterns (3) .
Special registries dedicated to individual cancers, such as the French medullary thyroid cancer registry (4), capture additional information unique to the cancer of interest (e.g. biochemical and genetic data, cause of death), without being able to overcome the lack of standardization among the contributing sites. Outside the setting of a multicenter clinical trial, only few highvolume surgical centers can supply the requisite homogeneity of surgical intervention (5) . Such 'centers of excellence' frequently struggle to recruit sufficient numbers of medullary thyroid carcinoma patients within a reasonable period of time. In an effort to enlarge numbers, many specialist centers have resorted to pooling patients with medullary thyroid carcinoma spanning time periods as long as 20-40 years (5-8).
Collapsing patients accrued over so many decades into one series creates an inhomogeneous study population that may not hold together sufficiently to evaluate timedependent outcomes ('time bias'). More advanced surgical techniques, such as compartment-oriented surgery using bipolar forceps coagulation and optical magnification (9, 10) , have recently appeared on the scene, enabling more extensive neck operations with better histopathological mapping of locoregional tumor spread in more recent cohorts of patients. At the same time, more sophisticated imaging technologies (highresolution ultrasonography, computed tomography, magnetic resonance imaging and positron emission tomography) have refined the staging of tumors, giving rise to 'stage migration' over time (11) .
This institutional study was designed to investigate time-dependent outcomes in a contemporaneous series of patients after initial neck surgery conducted between 1994 and 2002 for hitherto untreated medullary thyroid carcinoma, and to compare our recent outcomes with other series embracing several decades of recruitment.
Patients and methods

Patient selection
Between November 1994, the month when the concept of compartment-oriented surgery was implemented, and December 2002, a total of 128 consecutive patients were operated for hitherto untreated medullary thyroid carcinoma at this institution, a tertiary surgical center with referrals from all over Germany. December 2002 was chosen as a cut-off point to allow for a minimum observation period of 3 years. Patients referred for reoperation were not considered. Informed consent was obtained before each surgical procedure that represented standard practice of care in accordance with the practice guidelines of the German Society of Surgery (12) . Because of the comparative longevity of many patients with medullary thyroid carcinoma in the face of advanced disease, distant metastases per se were not an exclusion criterion. Calcitonin levels were determined with the use of a solid two-site immunoradiometric calcitonin assay (ELSA-hCT, CIS Bio International, Gif-sur-Yvette, France). The upper normal limit of this assay is !10 pg/ml (or 10 ng/l in Système International (SI) units), as verified in 83 normal volunteers aged 7-60 years (13, 14) . Normalization of serum calcitonin was assumed when this upper normal limit was not exceeded basally or on pentagastrin stimulation. Calcitonin stimulation was performed after obtaining informed consent through i.v. bolus injection of pentagastrin (0.5 mg/kg body weight; Pentavlon, Laboratoires SERB, Paris, France); venous blood samples were drawn before the injection, and 2 and 5 min thereafter.
Surgical intervention
All surgical procedures were performed using optical magnification and bipolar coagulation, as described previously (15) . All 128 consecutive patients underwent total thyroidectomy for hitherto untreated medullary thyroid carcinoma at this institution. In addition, 117 out of these 128 (91%) patients underwent systematic dissection of the central lymph node compartment of the neck, which extends vertically from the hyoid bone to the thoracic inlet and horizontally between the carotid sheaths. The lateral lymph node compartments of the neck, which spread laterally from the carotid sheath to the trapezoid muscle and inferiorly from the subclavian vein to the hypoglossal nerve superiorly, were systematically dissected in 90 (70%; ipsilateral) and 87 patients (68%; contralateral). The mediastinal lymph node compartment, which comprises all nodes between the brachiocephalic vein and tracheal bifurcation within the upper anterior and posterior mediastinum, was systematically dissected in 32 out of all 128 (25%) consecutive patients. In the absence of formal lymph node dissection, freedom from lymph node metastasis was assumed in four nonindex RET carriers without lymph node dissection who normalized their abnormal pentagastrin-stimulated serum calcitonin levels after total thyroidectomy.
Pathological examination and tumor staging
A total of 128 entire thyroid glands were available for histopathological examination. After gross evaluation by the pathologist, the entire thyroid gland was divided vertically to separate the left and right lobes. The thyroid halves were then sectioned horizontally from the superior to the inferior pole, as described previously (16) . After fixation in formalin, the whole thyroid gland was embedded in paraffin. Soft tissue and lymph nodes were processed separately. Conventional staining (hematoxylin and eosin) and calcitonin immunohistochemistry were performed on every surgical specimen, using the standard avidin-biotin complex peroxidase approach and a commercial polyclonal antibody (Immunotech, Marseilles, France). A diagnosis of medullary thyroid carcinoma was made in the presence of tumor extension beyond the basement membrane, demonstration of lymphatic or vascular invasion on histopathology, or a combination thereof. Primary tumor diameter was ascertained by direct measurements on the surgical thyroid specimens. While a diagnosis of lymph node metastasis usually required pathological confirmation, this need was waived for locoregional tumor recurrence and distant metastasis when there was such unequivocal evidence on ultrasonography, computerized tomography, magnetic resonance imaging, 18-fluorodeoxyglucose positron emission tomography, or a combination thereof.
Clinicopathological variables and measurements of outcome
Analyzed categorical variables included gender, heredity based on a positive DNA-based RET test, tumor extension beyond the thyroid capsule, presence of cervical and mediastinal lymph node metastases, evidence of distant metastasis at the time of initial neck operation, tracheal invasion, dissection of the central, lateral and mediastinal lymph node compartments, freedom of the surgical margins from the tumor on histopathology, and date and type of locoregional recurrence and death, whether related or unrelated to medullary thyroid carcinoma, calculated from the date of the initial thyroid operation. Continuous data were categorized as appropriate: age at first diagnosis in 20-year bands; primary tumor diameter in 20 mm bands; positive cervical and mediastinal lymph nodes in increments of 10; normal postoperative calcitonin levels with or without pentagastrin stimulation with a cut-off at the upper normal limit of the assay (10 pg/ml); and basal calcitonin levels at discharge with a cut-off at 250 mg/ml, a proposed biochemical watershed of locoregional recurrence (17) . Follow-up investigations were performed at the referring institutions according to local protocols mainly consisting of regular calcitonin measurements, computerized tomography, magnetic resonance imaging, and 18-fluorodeoxyglucose positron emission imaging. Locoregional recurrence and cause of death were ascertained using medical records, enquiries of physicians and hospitals involved in the care of each patient, death certificates, and autopsy findings. Locoregional events in patients with positive surgical margins at initial neck operation were interpreted as locoregional tumor persistence and not tumor recurrence.
Statistical analysis
Categorical and continuous data were tested on univariate analysis with the two-tailed Fisher's exact test and two-tailed exact Mann-Whitney-Wilcoxon rank sum test respectively. Multiple testing was adjusted for using the Bonferroni correction (18) . For timeto-event analyses of outcome, the Kaplan-Meier method (19) was used in conjunction with the log-rank test (20) . Time to event was calculated in months from the initial neck operation for medullary thyroid carcinoma until death or most recent follow-up, whichever came first. Unlike death, which is easily recognized, locoregional recurrence may have preceded its radiological or histopathological diagnosis for some time. Consequently, the Kaplan-Meier analysis systematically underestimates the actual rate of recurrent tumor growth, which remains unknown. Cancer-specific mortality was defined as death caused directly or indirectly by medullary thyroid carcinoma. Patients who died from unrelated causes were censored. The level of significance was set at !0.05.
Results
Patient selection by availability of follow-up
As shown in Table 1 , the 120 patients with available follow-up after initial operation for medullary thyroid carcinoma did not significantly differ from their eight counterparts who were lost to follow-up. Despite disparities in absolute numbers, the two groups of patients appeared broadly comparable in all 15 clinicopathological variables examined (Table 1) , allowing extrapolations of results from the 120 study patients with available follow-up to the whole institutional population of 128 patients.
Among the 120 patients with available follow-up, there were 63 RET carriers: 26 index patients (41%) and 37 nonindex (59%). These 63 RET carriers harbored missense mutations in codon 634 (28 patients; 44%), codon 918 (11 patients; 17%), codon 790 (9 patients; 14%), codon 768 (4 patients; 6%), codons 611 and 620 (3 patients or 5% each), codons 618 and 804 (2 patients or 3% each), and a 12 base pair duplication resulting in the insertion of four amino acids between codon 634 (Cys) and 635 (Arg; 1 patient; 2%) as previously described (21) . Our RET carriers generally have less advanced disease than our patients with sporadic medullary thyroid cancers, as reported elsewhere (15) .
Locoregional recurrence and cancer-specific death
As detailed in Table 2 , there were six locoregional recurrences in 110 patients with clear surgical margins diagnosed 8-94 months after initial neck resection, and five persistent locoregional tumors in ten patients with involved surgical margins detected 2-13 months after initial neck resection. Four of the six locoregional recurrences were confirmed on histopathological examination: one patient had a tumor infiltrate in the central neck; one patient revealed a positive lateral lymph node; and two patients each harbored tumor infiltrates in the lateral neck in conjunction with lateral cervical or nuchal lymph node metastases.
Altogether, there were 19 deaths, 12 of which (63%) were attributed to recurrent or persistent medullary thyroid carcinoma (Table 2) : among these 12 patients, four patients had lung metastases, one patient had liver metastases, and one patient a combination of lung and bone metastases. Of the five patients with lung metastases, two patients developed (presumably retention) pneumonia, and one patient pulmonary failure, progressive disease and pneumothorax each. Two cancer-specific deaths coincided with locoregional recurrences, and three additional cancer-specific deaths occurred in conjunction with locoregional tumor persistence. No locoregional tumor recurrence or persistence was seen in seven further cancer-specific deaths. The remaining seven deaths (37%) were unrelated to medullary thyroid cancer: lymphoplasmocytic immunocytoma at 46 years; pulmonary embolism secondary to urinary bladder carcinoma at 77 years; peritonitis following perforation of a sigmoid diverticulum at 58 years; septicemia due to hemorrhagic pneumonia diagnosed on postmortem at 33 years; blunt trauma in a high-speed motor vehicle accident at 13 years; left ventricular failure at 78 years and 'old age' at 74 years.
Recurrence-free survival
On Kaplan-Meier analysis of the 110 patients with clear surgical margins at initial neck operation, most examined variables were significantly associated with recurrence-free survival after Bonferroni correction for multiple testing (Table 3) : primary tumor diameter grouped in 20 mm bands, extrathyroidal tumor growth, number of cervical and mediastinal lymph node metastases, frequency of distant metastasis, tracheal invasion, postoperative basal calcitonin levels O 250 pg/ml, and persistent hypercalcitoninemia (all P%0.005; log-rank test). Only nominally significant (PZ0.042) were sporadic tumors, and nonsignificant were male gender and age classed in 20-year bands. Patients with node-negative medullary thyroid carcinomas and those with normalization of basal serum calcitonin levels at discharge did not develop locoregional recurrences during the median observation period of 64.5 months. The rarity of locoregional recurrence (only six events among 110 eligible patients) did not permit us to conduct multivariate analyses. Altogether, the median 5-year recurrence-free survival was 95.2% (Fig. 1a) , with a corresponding median recurrence rate of 4.8% and a median time interval to diagnosis of locoregional recurrence of 25.5 months (range 8-94 months) since the initial neck operation.
Cancer-specific survival
Cancer-specific survival was 89.3% at 5 years, with a corresponding median cancer-specific mortality of 10.7% and a median time interval to cancer-specific death of 19.5 months (range 2-50 months) since the initial neck operation. As shown in Fig. 1b , no cancerspecific mortality was seen after more than 50 months of observation. Except for gender (nonsignificant), age at first diagnosis greater than 60 years and sporadic tumors (both only nominally significant), all other variables tested were significantly (P!0.001; log-rank test) associated with cancer-specific survival after Bonferroni correction for multiple testing (Table 4) .
Many of these significant variables were obviously interrelated: primary tumor diameter, extrathyroidal growth, number of lymph node metastases, frequency of distant metastasis, tracheal invasion, freedom of the surgical margins from the tumor, postoperative rates of calcitonin normalization, and residual calcitonin levels after surgical intervention. The number of events (12 cancer-specific deaths among 120 patients) during the median observation period of 64.5 months was not large enough to incorporate all clinicopathological variables into a single multivariate model.
Discussion
The present study differs from earlier investigations with respect to the homogeneity of the patient group for initial therapy. It is the first contemporaneous singleinstitution series encompassing more than 100 patients, accrued within less than a decade, who underwent extensive cervical resection for hitherto untreated medullary thyroid carcinoma. Our comparatively brief recruiting period of 8.2 years for 120 patients was far shorter than the lengthy recruitment (23) . Because the proportion of RET carriers in our study population exceeded the rate of patients with familial cancers seen at other specialist centers (4, 5, 8) , more selective referral of younger RET carriers with localized disease to our institution may represent an alternative explanation for these findings. Our patients also underwent systematic lymph node dissections more often (92 vs 43-78%), possibly owing to intervening advances in surgical technology. Our patients were comparable with other literature series with regard to gender (female; 52 vs 50-57%), extrathyroidal extension (24 vs 28%), distant metastasis (18 vs 7-23%), and total thyroidectomy (100 vs 98%). Although our data are recent, our median followup period of 5.4 years (64.5 months) compared favorably with other series with median observation periods of 3 and 5 years (4, 5), but was appreciably shorter than the median follow-up period of 8 years in de Groot's study (8) .
Time to diagnosis of locoregional recurrence
Time to locoregional recurrence after extensive cervical resection has not been studied in great detail, possibly because of the need for more extensive resection and histopathological analysis to distinguish locoregional tumor recurrence based on clear surgical margins from locoregional tumor persistence. Using comparable criteria for locoregional recurrence, de Groot et al. (8) reached a 50% recurrence rate (60 events among 120 patients) during a median follow-up of 8 years. With our extensive surgical approach, however, the locoregional recurrence rate was just 4.8% at 5 years and 5.4% overall (six events among 110 eligible patients).
Although it cannot be ruled out that some slow-growing recurrent locoregional tumors may have evaded identification by postoperative imaging during our shorter median observation period of 64.5 months (5.4 years) only to emerge later on, our recurrence rates might have Table 4 Cancer-specific survival in 120 consecutive medullary thyroid carcinoma patients with follow-up (Kaplan-Meier analysis).
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Cancer-specific survival, months, median (range) P log-rank been higher with a surgical approach less extensive than ours. Considering our four patients with histopathologically confirmed locoregional recurrence, tumor infiltrates and lymph node metastases clearly favored the lateral neck (Table 2 ). In hindsight, these data indicated that the initial compartment-oriented lymph node dissection may have been adequate in the thyroid bed and central neck, but should have been carried more into the lateral neck.
Time to cancer-specific death
Compared with other published series with a high proportion of familial cancers, our cancer-specific mortality rate of 10.7% at 5 years was at the lower end, equaling the 10.7% rate of Kebebew et al. (5) and surpassing the 14.3% rate of Modigliani et al. (4) . These data may cause one to think that more extensive surgical intervention in the neck may be unable to further substantially improve cancer-specific survival rates among contemporaneous patients, many of whom harbor localized medullary thyroid cancers. As a matter of principle, the extent of surgical intervention was not reduced in this series just because of age and hence is at variance with other studies that limited the scope of neck resection for elderly patients (2) . In keeping with our data, age at diagnosis was also nonsignificant in de Groot's study (8) who adjusted disease-specific survival for the baseline mortality rate in the general population.
Clinical implications
In comparison with literature data, our patients showed evidence of more localized tumors at younger ages; a relative increase of hereditary tumors that, owing to DNA-based analysis, are no longer misclassified as sporadic; and a decrease in node-positive medullary thyroid carcinomas despite more extensive lymph node dissection and more accurate ascertainment. The growing proportion of localized medullary thyroid carcinomas among contemporaneous patients can be expected to ultimately lower the event rates, complicating future studies of outcome.
